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Abstract 
 
Detecting a change in our visual world requires a process that compares the external environment 
(test display) with the contents of memory (study display).  We addressed the question of 
whether people strategically adapt the comparison process in response to different decision 
loads.  Study displays of three colored items were presented, followed by ‘whole-display’ probes 
containing three colored shapes.  Participants were asked to decide whether any probed items 
contained a new feature.  In Experiments 1-4, irrelevant changes to the probed item’s locations 
or feature bindings influenced memory performance, suggesting that participants employed a 
comparison process that relied on spatial locations.  This finding occurred irrespective of 
whether participants were asked to decide about the whole display, or only a single cued item 
within the display.  In Experiment 5, when the base-rate of changes in the non-probed items 
increased (increasing the incentive to use the cue effectively), participants were not influenced 
by irrelevant changes in location or feature bindings.  In addition, we observed individual 
differences in the use of spatial cues.  These results suggest that participants can flexibly switch 
between spatial and non-spatial comparison strategies, depending on interactions between 
individual differences and task demand factors.  These findings have implications for models of 
visual working memory that assume that the comparison between study and test obligatorily 
relies on accessing visual features via their binding to location. 
 
Public significance statement. 
 
Detecting changes in the environment relies on a process which compares the external 
environment with the contents of memory.  It is thought that this comparison process 
Task demands determine comparison strategy  3 
 
 
 
automatically relies on the spatial locations of the items which are being compared.  However, 
we have found that, although a spatial comparison process appears to be the default comparison 
process, our participants were also able to conduct a non-spatial comparison process.  These 
results suggest that we can flexibly switch between different comparison strategies in order to 
decide whether a change has occurred in the environment.  This may have future practical 
implications for how we can train individuals to make better use of their working memory 
resources, for example, by training more effective comparison and decision-making strategies.  
 
Key words: Visual working memory, Change detection, Feature binding, Location 
binding, Relational encoding, Comparison process. 
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  Many every-day decisions rely, in part, on making a comparison between the contents 
of memory and the external environment.  The manner in which these comparisons are made will 
depend on the task at hand.  For example, in order to choose the best apple at the grocery store, 
the features of the current best apple need to be temporarily stored in memory, and compared to 
the features of multiple apples sampled from the stall (Vidal, Gauchou, Tallon-Baurdy, & 
O’Reagan, 2005).  In other cases, such as to re-establish object correspondence between 
saccades, only the currently fixated item is compared with the memory representation of the 
previously fixated item (Currie, McConkie, Carolson-Radavanksy, & Irwin, 2000).  
Contemporary models of visual working memory (VWM) have primarily focused on describing 
limits in VWM capacity (e.g., Luck & Vogel, 1997; Wilken & Ma, 2004; Vandenberg, Awh & 
Ma, 2014), and on the format of memory representations, such as whether items are represented 
as fully integrated objects (Vogel, Woodman & Luck, 2001), or whether features are represented 
independently (Wheeler & Treisman, 2002).  Consequently, there has been less focus on the way 
in which stored representations are used to guide decision-making.  This article addresses 
strategies by which VWM contents are compared with the external environment to detect 
changes in the environment. 
Many existing conceptualizations of VWM (e.g., Jiang, Olson & Chun, 2000; Hyun, 
Woodman, Vogel, Hollingworth, & Luck, 2009; Treisman & Zhang, 2006) assume a comparison 
process that employs exhaustive in-place matching.  Exhaustive in-place matching is a process 
with the following assumptions: i) during the encoding of a study display, task-relevant visual 
features are automatically bound to their spatial locations, irrespective of the task-relevancy of 
location information (Bodoroglu & Shah, 2009; Golomb, Kupitz, & Thiemann, 2014; Kondo & 
Saiki, 2012; Oliviers & Schreij, 2014; Treisman & Zhang, 2006);  ii) when a test display is 
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presented, each item represented in VWM is automatically compared to the item presented in the 
corresponding location in the external environment (Jiang et al. 2000);  iii) representations are 
not compared to items at other locations in the scene (Treisman & Zhang, 2006); iv) this 
comparison process occurs exhaustively, in other words, it occurs for every item represented in 
the test display (Hyun et al. 2009); and v) the evidence from all of these comparisons is 
integrated in order to form a decision, such as whether or not a change has occurred in the 
display (Palmer, 1990; Shaw, 1980; Wilken & Ma, 2004).  Central to exhaustive in-place 
matching is the idea that locations are automatically or obligatorily encoded (Bodoroglu & Shah, 
2009; Golomb et al. 2014; Kondo & Saiki, 2012; Oliviers & Schreij, 2014; Treisman & Zhang, 
2006).  Many papers have provided evidence supporting the assumption that visual features are 
effortlessly, if not automatically (Bodoroglu & Shah, 2009; Kondo & Saiki, 2012; Treisman & 
Zhang, 2006), or obligatorily (Hayes, Nadel, & Ryan, 2007; Papenmeier & Huff, 2014; Silvis & 
Shapiro, 2014), bound to their relative (to other items in the display) spatial locations (Bodoroglu 
& Shah, 2009; Hollingworth, 2006, 2007, 2009; Jiang et al. 2000; Mou, Xiao, & McNamara, 
2008).   
Evidence for exhaustive in-place matching comes from the change detection task.  In this 
task, participants must decide if a change has occurred in the features of items between a study 
display and a subsequent test display.  The displays are typically separated by a brief (e.g. 900 
ms) maintenance interval consisting of a blank screen.  In one often-used version of the task, 
participants are asked to remember the visual features of the displayed items, but to disregard 
their locations.  Typically, studies have found a reduction in accuracy when the locations in the 
test display do not match the locations in the study display (Chen, 2009; Guérard, Morey, 
Lagacé, & Tremblay, 2013; Hollingworth, 2006, 2007; Hollingworth & Rasmussen, 2010; Jiang 
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et al. 2000; Pertzov & Husain, 2014; Treisman & Zhang, 2006, although see Woodman, Vogel & 
Luck, 2009 for an exception), despite these changes being irrelevant to the instructions of the 
task.  According to an exhaustive in-place matching account, this performance drop occurs 
because people are able to use exhaustive in-place matching when the locations match.  
However, when the locations have changed, correspondence cannot be re-established between 
the objects in the two displays, so people must rely on a less efficient comparison process.   For 
example, because correspondence cannot be established for objects between study and test 
displays, they might match a probed object to multiple items in memory.   Furthermore, when the 
task instructions are reversed, so that participants must remember where items appeared, but 
disregard visual features such as color and shape, there is no detrimental effect of changing the 
task-irrelevant features.  This suggests that people are not using the visual features to guide the 
comparison process for locations in the same way that spatial location is used for the comparison 
of visual features. Supporting evidence for the use of exhaustive in-place matching also comes 
from cued recall tasks, in which participants are presented a series of color-orientation feature 
conjunctions, and asked to recall one feature (e.g., color) when cued with another (e.g., 
orientation).  Participants often erroneously recall the features of uncued items which appeared in 
the same location as the target during the study display, suggesting that participants 
automatically retrieve the features associated by their spatial location (Pertzov & Husain, 2014).  
Despite the evidence outlined above, there is good reason to believe that the patterns of 
data supporting a special role for location may instead result from the manner in which 
participants strategically approach these tasks.  First, Woodman et al. (2012) found no effect of 
changing item locations in a change detection task unless the target item was spatially cued.  The 
difference in effects between cue conditions (present or absent) may therefore be due to the 
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presence of a spatial cue, which encouraged a spatial comparison strategy, whereas a non-spatial 
comparison may have been employed when the spatial cue was absent.  Additionally, Allen, 
Castellà, Ueno, Hitch and Baddeley (2015) have shown that task-irrelevant spatial information is 
automatically encoded to memory representations, but only when the task cues for locations, 
suggesting that the encoding of location is subject to strategic influences.  Third, using functional 
magnetic resonance imaging (fMRI), Vincente-Grabovetsky, Carlin & Cusack (2012) found that 
when participants knew that a probed item would appear in its original location, there was 
stronger retinotopic encoding---as indexed by an increased BOLD response in areas v1 and v2 of 
the visual cortex---suggesting that the locations were being maintained during the task.  In 
contrast, when probed items were presented in new locations on every trial, so that participants 
could not predict the locations of the probed items, retinotopic coding was reduced during the 
maintenance period, suggesting that participants did not actively try and maintain spatial 
information.  Finally, Bodoroglu and Shah (2009) split their sample as to whether a participant’s 
false alarm rate (responding ‘Change’ to an unchanged item) was above or below the median of 
the sample.  For the low false alarm rate group, changing probed object locations substantially 
reduced performance relative to when probed items were in their original location.  However, for 
the high false alarm rate group, changing the locations of the test display items had no effect on 
performance, relative to presenting them in their original locations.  One interpretation of this 
finding is that some participants were strategically utilizing location in their comparison process.  
This strategy provides the benefit of reducing false alarm rates, because it produces fewer 
erroneous comparisons when the test items are presented in their original locations, at the cost of 
reduced sensitivity when the probed items have changed their locations.  This could be a viable 
trade-off because the relative spatial locations were kept the same on two-thirds of the trials.   
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 Further evidence that exhaustive in-place matching may not always be employed comes 
from studies using the single probe design, whereby memory is probed for only a single item 
rather than for all items in the study display (Gilchrist & Cowan, 2014).  The classic finding that 
response times (RT) linearly increase as a function of set size (Letter recognition: Sternberg, 
1966, 1969; Colour change detection: Gilchrist & Cowan, 2014; Hyun et al. 2009) suggests that 
participants search memory representations in an effortful, if not serial, manner.  In other words, 
the probed item may be compared to multiple items (at different locations) in memory.  Gilchrist 
and Cowan (2014) showed that the set size effect on RT was the same irrespective of whether the 
probed item was presented in its original location or in a new location.  If participants 
consistently made use of location information in the single probe condition, the search would 
always be terminated after the first comparison in memory, because it would always match the 
probed item.  As a result, when the probed items were presented in their original locations, the 
slope of the linear relationship between set size and RT should be flatter than the slope for probe 
items presented at new locations.  The finding that search times across set sizes were the same in 
both conditions suggests that participants exhaustively searched memory in both conditions, 
comparing the probed item to item representations at multiple locations, inconsistent with in-
place matching.  
The inconsistencies in the literature described above raise the question of whether 
exhaustive in-place matching is indeed an automatic process, or whether it is adaptively tailored 
to the nature of the task.  Our suggestion is that the disruptive effect of changing locations in the 
change detection task can be explained by participants changing their response strategies in 
response to task demands, rather than a necessarily automatic comparison process.  In the case 
where all the studied items were probed (whole-display probe) and all items are in their original 
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locations, the participant can employ exhaustive in-place matching.  The reason why they might 
choose this strategy is because each of the probed items only needs to be compared to a single 
item representation in memory (Figure 1A).  In contrast, if participants employed some other 
comparison process, which was not guided by item locations, they might need to compare each 
probed item with multiple items in memory, and integrate the accumulated evidence from each 
comparison to produce a decision (Figure 1B).  This strategy is potentially more effortful, and 
therefore it is reasonable that participants will take advantage of any cue, such as location, which 
can be used to reduce the number of unnecessary comparisons required to make their decision.  
Furthermore, this strategic interpretation also provides an account of why performance is 
unaffected by location changes in single item probes (Gilchrist & Cowan, 2014; Treisman & 
Zhang, 2006).  First, in the case of single probes, comparing the probe and study displays is 
already less effortful than in whole-display probes.  For example, imagine three items are 
studied, followed by a whole-display probe.  If location is not utilized, the participants could 
potentially make up to nine comparisons (if each probe item is compared to all the studied 
items).  However, if three items are studied, but only a single probe is presented, only a 
maximum of three comparisons need to be made in order to exhaustively search memory.  
Therefore, less effort is required in order to compare a single probe to multiple memory 
representations bound to different locations (Figure 1C) than there is with a whole-display probe.  
In the case of single probes, less effort is saved by limiting the search of memory to the probed 
items location (Figure 1D).  In the case of single probes, match comparisons are more diagnostic 
than in full probes, because they only need to check whether the probe matches any of the 
memory representations.  It is plausible, therefore, that when single probes are presented, the 
optimal strategy---in terms of reducing effort required to make the decision---is to search 
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multiple items represented in memory, irrespective of whether they share locations with the 
probed item.  It seems relatively clear that the detrimental effect of changing locations for whole-
display probes, but not in single probes, can be accounted for by strategic shifts in matching 
processes adopted by participants.  If this is the case, then it should be possible to encourage use 
of different strategies, and thus modulate the disruptive effects of changing location, by varying 
the potential effectiveness of those strategies.   
In a series of experiments, we compared the disruptive effects of location changes on 
whole-display probes against probes that were otherwise identical, except that only a single cued 
item was tested.  It was expected that presenting a whole-display probe containing a cue which 
indicated which item was the target should facilitate a non-spatial search, as is thought to be the 
case when single probes are presented (Gilchrist & Cowan, 2014; Sternberg, 1966), rather than 
in-place matching.  The results across the experiments suggest that in most cases (Experiments 1, 
2, and 4), participants employ exhaustive in-place matching, even when given the chance to 
utilize other comparison strategies.  Experiment 3 provides some evidence that individual 
differences influence whether in-place matching is exhaustive (occurs for all probed items) or 
partial (occurs for a single, or sub-set of probed items).  Finally, in Experiment 5, we further 
discouraged the use of exhaustive in-place matching by increasing the probability of a to-be-
ignored feature change occurring (an irrelevant change in a non-cued test item).  In Experiment 5 
we found evidence that participants utilized a non-spatial comparison strategy, suggesting that 
they can strategically switch between comparison strategies, in response to task demands.  The 
stimulus materials, experiment scripts, data, and analysis scripts can be found on the open 
science framework (osf.io/e7g26).  
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Experiment 1 
 
 In Experiment 1, we presented whole-display probes in a change detection task.  On half 
of the trials, we indicated which item was the target: the item that would change if a change was 
going to occur, and therefore the only item participants needed to base their decision on.  Thus, 
the decision load for this “Cue present” condition is similar to a single item probe in that the 
decision only needs to be made about a single test item, rather than the entire display.  The 
critical difference between the probe display in this experiment and a single probe display was 
that the spatial configuration, composed of the other studied items, was also present on the 
screen during the retrieval and decision stage.  It has already been shown that participants 
employ a non-spatial comparison process when a single probe is presented (Treisman & Zhang, 
2006), but do they also employ this process in this single probe analogue?   
To assay which type of comparison process was being used, we based our design on that 
of Treisman and Zhang (2006).  Participants were shown displays containing colored shapes, and 
asked only to make decisions based on the presence or absence of color or shape changes, but not 
on locations, or the combinations (bindings) between colors and shapes.  When probed, the items 
were presented in either their original location or in new locations.  In addition, the combination 
of color and shape was either kept the same as in the study display, or swapped between items.  
Treisman and Zhang (2006) found lower accuracy in the new location condition, relative to the 
old location condition, when the bindings were intact.  However, when the bindings were 
switched, Treisman and Zhang (2006) found higher accuracy in the new location condition 
compared to the old location condition.  In addition, they found lower overall accuracy in the 
switched-binding condition than in the intact binding condition.  One explanation for the 
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location-binding interaction was that participants were utilizing exhaustive in-place matching: 
Each probe item was compared to the studied item at the same location, but not to items that 
were presented at other locations.  Therefore, when the bindings had switched places, it appeared 
to the participants as though each location contained a ‘new’ feature.  Furthermore, this 
interaction did not occur when single probes were presented, possibly because for this probe 
type, they were not using a space-based comparison process such as in-place matching.  Because 
of the modulation of the interaction by probe type (a three-way interaction between probe type, 
binding, and location) it was a suitable method for measuring the presence or absence of in-place 
matching. In all experiments, the presence or absence of the three-way interaction is therefore 
diagnostic of whether participants were using location in their decision making.   
There were two possible outcomes for this experiment.  The first was that global in-place 
matching automatically occurs whenever the studied configuration is presented at test.  In this 
case, we expect participants to use in-place matching irrespective of whether the cue was present 
or absent, and so the pattern of performance should be equivalent in both the Cue present and 
Cue absent conditions.  Alternatively, if participants can strategically change their response 
strategies, we expect participants to use in-place matching in the Cue absent condition, consistent 
with previous findings (Treisman & Zhang, 2006), but to employ a non-spatial comparison 
process in the Cue present condition (similar to the single probe task; Treisman & Zhang, 2006). 
 
Method 
 
Participants.  Because our design contained a replication of Treisman and Zhang (2006, 
Experiment 1), and we wished to ensure we replicated their basic effect, we determined the 
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sample size using Simonshon’s (2015) ‘small telescopes’ heuristic - that replication studies 
should multiply the original sample size by 2.5.  Therefore, we recruited thirty-two naïve 
participants (aged 18-32, 26 were female) for each experiment.  We conducted a power analysis 
for the two-way Location x Binding interaction from one of our previous studies (Udale, Farrell 
& Kent, 2017), which used a similar design and sample size.  Based on the effect size from this 
previous study [F (1, 28) = 11.47, η𝑝2 = 0.65], we should expect to achieve power of 0.9 for the 
two-way Location x Binding interaction, with a sample size of 28 participants.  Before taking 
part, we asked participants about their visual acuity.  All participants reported normal, or 
corrected-to-normal, vision.  Ethical approval was granted by the University of Bristol, Faculty 
of Science Research Ethics Committee.   
 
Materials.  The presentation of the stimuli was controlled using MATLAB and the 
Psychophysics Toolbox (Brainard, 1997; Pelli, 1997), using a 17” TFT monitor (Resolution: 
1,280 x 1,024) with a refresh rate of 60 Hz.  Participants’ responses were recorded using a 
standard USB keyboard.  The memoranda were presented on a uniform medium grey 
background (RGB: 128, 128, 128).  Each of the study and probe displays consisted of three 
items, consisting of conjunctions of six possible colors and shapes, without repetitions.  The 
colors were red (RGB: 255, 0, 0), blue (RGB: 0, 0, 255), yellow (RGB: 255, 255, 0), green 
(RGB: 0, 0, 255), brown (RGB: 150, 75, 0) and violet (RGB: 238, 130, 238).  The shapes were a 
circle, a square, an equilateral triangle, a heart, a star, and a cross.  Each shape subtended 
approximately 1.4 ͦ x 1.4 ͦ visual angle, at a viewing distance of approximately one meter.  Each 
item could appear in one of nine possible locations.  The nine locations formed a 3 x 3 grid, each 
location consisting of 60 x 60 pixels (1.8 ͦ x 1.8 ͦ visual angle), with 36 pixels (1.08 ͦ visual angle) 
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of empty space between each location.  The total grid size was 252 x 252 pixels (7.6 ͦ x 7.6 ͦ 
visual angle).  The shapes, colors, and locations were randomly chosen at the start of each trial 
without replacement.  Finally, a cue was presented on some trials, consisting of the outline of a 
square (RGB: 255, 255, 255) centered on the target item, subtending 2.3 ͦ x 2.3 ͦ degrees of visual 
angle.  
 
Design and procedure.  The experimental design was a fully crossed 2 (Feature: Match vs. 
Change) x 2 (Location: Old Vs. New) x 2 (Binding: Intact vs. Switched) x 2 (Cue: Present vs. 
Absent) factorial within subjects design.  Participants took part in a practice block of sixteen 
trials, followed by sixteen experimental blocks.   
On each trial, a small white cross appeared at the centre of the screen for 1,000 ms, 
followed by a study display for 150 ms, which consisted of three color-shape items.   The study 
display was followed by a blank maintenance screen, with a centrally presented fixation cross, 
for 900 ms.  After the maintenance screen, a probe display was presented, containing three color-
shape items.  The probe display remained on the screen until a response was given by the 
participant.  Participants were asked to decide if the probe display contained a new feature that 
was not present in the study display.  Half of the trials were ‘match’ trials, in which all of the 
studied features were presented again at probe.  Half of the trials were ‘change’ trials, in which 
one of the studied features was replaced by a new feature on the same dimension.  New colors 
were as equally likely as new shapes.  Participants were instructed to ignore any changes in 
locations or combinations of feature bindings when deciding if a feature was new.  
Half of the trials were ‘intact binding’ trials, in which the color-shape bindings were kept 
intact between study and probe.  The other half of the trials were ‘switched binding’ trials, in 
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which the color-shape bindings were swapped between all the items in the display. Colors or 
shapes were swapped with equal probability.  On half of the trials (‘Cue present’), when the 
probe display was presented, a cue indicated which item was the target.  The target was the item 
that participants must make a change/no-change decision about. The uncued items never 
contained a new feature.  On the other half of trials (‘Cue absent’), no cue was present, and so 
participants had to make a change/no-change decision about all the items in the display, 
corresponding to the whole-display condition in Treisman and Zhang (2006).  The Cue and 
Location factors were blocked, and their order counterbalanced.  The Feature and Binding 
factors were randomized within blocks.  A schematic of a trial from the two Cue conditions 
(Absent and Present) is shown in Figure 2.  Participants were instructed to respond as accurately 
as possible.  Participants were also instructed to perform articulatory suppression by repeating 
“Coca-Cola” throughout each trial, to inhibit verbal re-coding.  This, and all subsequent 
experiments, lasted approximately one hour.   
  
Statistical analysis: In each experiment, we applied the following procedure before conducting 
inferential data analysis.  We excluded all trials with RTs above 4,000 ms, or below 100 ms.  
Corrected hit rates were calculated by subtracting the false alarm rate (the proportion of incorrect 
feature-change trials) from the hit rate (the proportion of correct feature-match trials).  
Participants with a mean corrected hit rate less than 0.1 in the baseline condition (Whole-display 
probe, Old location, Intact binding) were not included in the analysis.  However, the qualitative 
pattern of the data remained the same when all participants were included in the analysis.  The 
reason for removing participants based on their performance in the baseline condition is because 
performance should be at its highest in this condition.  In addition, some of the other conditions 
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produce near-to-chance performance.  Therefore, an exclusion criteria based on average 
performance in all conditions would be too strict, as it would be affected by performance in the 
close-to-chance conditions.  These exclusion criteria were used in all of the reported 
experiments.  
Although we report our conclusions based on null hypothesis significance testing, we 
have also supplemented our analyses using a Bayesian analysis of variance.  The Bayesian 
approach provides the advantage that it allows one to specify and competitively test null and 
alternative hypotheses.  In contrast to the frequentist approach, where inferences about 
differences are made on the lack of evidence for a null hypothesis, Bayesian methods provide the 
relative evidence in favour of the null or alternative hypotheses.  Because Bayes factors represent 
relative evidence between the two hypotheses, indices (BF10 for the alternate and BF01 for the 
null) are used to indicate which hypothesis the Bayes factor is describing.  For example, a BF10 
of 9 indicates that there is nine times more evidence for the alternate than for the null hypothesis.  
Because this value is a ratio, it can also be represented as the amount of evidence for the null: A 
BF10 of 10 is equivalent to a BF01 of 0.1. We conducted our analysis using the anovaBF function 
from the BayesFactor package (Rouder, Morey, Speckman, & Province, 2012) in R (R core 
team, 2015), using the default JZS prior in all analyses (cf. Bayarri & Garcia-Donato, 2007; 
Jeffreys, 1961; Rouder et al., 2012; Zellner & Siow, 1980).  The method for the following 
experiments were pre-registered on the Open Science Framework (OSF link: 
https://osf.io/8ybjp/, https://osf.io/teb6y). 
 
Results 
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Using our exclusion criteria described above, no participants were excluded from the analysis.  
However, a total of 92 trials (0.6%) were excluded from the analysis (M = 3, SD = 4.35 trials 
removed per participant).  Mean performance for each condition can be seen in Figure 3.  A 2 
(Cue: Present vs. Absent) x 2 (Location: Old vs. New) x 2 (Binding: Intact vs. Switched) 
repeated measures ANOVA was conducted on the mean corrected hit rates.  A significant main 
effect was found for Cue condition [F (1, 31) = 17.39, p < .001, η𝑝2 = 0.36, BF10 = 33.35], in 
which average performance was 10.24% higher in the Cue absent than in the Cue present.  A 
significant main effect of Location [F (1, 31) = 4.93, p = .034, η𝑝2 = 0.13, BF01 = 3.70], was 
found, in which changing the locations of the probed items reduced performance by 2.93%.  
There was a significant main effect of Binding [F (1, 31) = 51.33, p < .001, η𝑝2 = 0.62, BF10 = 
6.62 x 105], whereby swapping the feature bindings reduced performance by 13.32%.  The two-
way Cue x Location interaction was not statistically significant [F (1, 31) = 1.47, p = .235, BF01 
= 5.88].  A significant two-way interaction between Cue and Binding was observed [F (1, 31) = 
5.66, p = .024, η𝑝2 = 0.15, BF01 = 2.70], such that changing the bindings in the Cue present 
condition was more detrimental (Intact: .45, Switched: .28) than in the Cue absent condition 
(Intact: .49, Switched:.40).  Furthermore, the Location x Binding interaction [F (1, 31) = 28.31, p 
< .001, η𝑝2 = 0.48, BF10 = 10.61] was significant, such that when bindings were kept intact, 
performance was higher in the old location condition (mean corrected hit rate =.52) than in the 
New location condition (mean corrected hit rate =.42), whereas when the bindings had switched, 
performance was lower in the Old location condition (mean corrected hit rate =.32) than in the 
New location condition (mean corrected hit rate =.36).  Finally, the three-way interaction was not 
significant [F (1, 31) = 0.16, p = .694, BF01 = 7.14]. 
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Discussion 
Experiment 1 extended the study of Treisman and Zhang (2006) by including the use of a 
cue that indicated which item in the whole probe display was the target.  It was expected that if 
the use of location was obligatory, then we would see the same Location x Binding interaction in 
both the Cue present and Cue absent conditions.  If the use of location was not obligatory and 
participants could strategically control whether they used location, it was expected that the 
interaction would only occur in the Cue absent condition.  However, the interaction occurred in 
both Cue present and Cue absent conditions, indicating that the participants employed in-place 
matching in both conditions.  This evidence is indicative that participants did not strategically 
change their comparison strategy in response to the presence of a cue, which is consistent with 
the notion that in-place matching may have occurred obligatorily.    
Experiment 1 found that when whole-display probes were presented without a cue, 
changing location or feature bindings reduced performance relative to when locations and 
bindings remained the same between study and probe displays.  This is consistent with previous 
findings (Hollingworth, 2006, 2007; Jiang et al., 2000; Treisman & Zhang, 2006) and suggests 
that the change/no-change decision for whole-display probes involves the entire configuration: 
Comparing each feature at a given location to the feature that was previously at that location, but 
not comparing it to features at other locations.  Furthermore, the same pattern of data was found 
when the cue was present, in which it could have been possible to conduct a non-spatial search 
for the cued target.  These results alone suggest that exhaustive in-place matching in this task 
was automatic or obligatory, consistent with existing conceptualizations of VWM (Hayes et al., 
2007; Kondo & Saiki, 2012; Papenmeier & Huff, 2014; Silvis & Shapiro, 2014; Treisman & 
Zhang, 2006).  
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One potential issue with Experiment 1 was with the presentation timing of the cue.  
Specifically, the onset of the cue appeared at the same time as the onset of the probe display, and 
therefore was unlikely to be immediately fixated when the probe display appeared.  This may 
have encouraged a spatial comparison strategy, because in order to decide which item had been 
cued, the participants potentially needed to attend to each item in turn to make a ‘cued/not-cued’ 
decision.  If participants needed to examine each object despite the presence of the cue, they may 
have decided that it was less effortful to make a comparison for each item, rather than visually 
search for the target and then conduct a memory search once it was identified.  Likewise, it is 
also possible that simply viewing an item will lead to its being automatically encoded in 
memory, irrespective of whether or not it is task relevant (Olson, Moore & Drowos, 2008), and 
therefore making a ‘task relevancy’ decision about each item may have led to them all being 
encoded. 
A further possible issue with the type of cue used in this experiment, which was a square 
outline surrounding the target item presented during the test display, is that it may produce 
interference with the presentation of the probed items, via visual masking (Breitmeyer & Ganz, 
1976), which might explain why performance was slightly lower in the Cue present condition..  
It is also possible that the presentation of the cue biased participants towards responding change, 
because the presentation of the cue is a distinctive change between the study and probe displays.  
In light of these considerations, Experiment 2 replicated Experiment 1, with the exception that 
the probe display cue was removed and replaced with a cue presented at the location of the target 
during the maintenance interval.  
 
Experiment 2 
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 Experiment 2 replicated Experiment 1, with the exception that the cue was replaced by a 
cue presented during the maintenance interval at the location of the target item.  The duration of 
the cue’s presentation time was chosen to direct covert, but not overt, attention (Carrassco & 
McElree, 2001; Jonides, 1981). 
 
Method 
Participants. Thirty-one participants (aged 17-46, 25 were female) participated in the study. 
Materials, design and procedure: The materials, stimuli, design, and procedure of Experiment 2 
were identical to that of Experiment 1, with the following exceptions.  A cue consisting of a 
white dot (visual angle: 0.9 ͦ x 0.9 ͦ) was presented during the maintenance period at the location 
of the target item.  The cue was displayed for 67 ms, and its offset occurred 50 ms prior to the 
onset of the probe display.  These timings were selected because they have been shown to shift 
endogenous, but not exogenous, attention (Carrassco & McElree, 2001; Jonides, 1981).  Shifting 
endogenous attention was important because it ensured that the participants knew the location of 
the target item before the on-set of the test display.  At the same time, the cue-probe asynchrony 
was short enough that participants could not saccade to its location before the test display, 
ensuring that all items were displayed before the participant moved overt attention toward the 
target.  No cue was present during the probe display.  A schematic of the procedure is presented 
in Figure 4.  
 
Results 
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Using the same exclusion criteria as Experiment 1, five participants were excluded from 
the analysis (although the pattern of results remained the same if all participants were included in 
the analysis).  Of the remaining participants, a total of 106 trials (0.65%) were excluded (M = 
4.07, SD = 7.74 trials removed per participant).  The mean corrected hit rates for each condition 
are presented in Figure 5.  A 2 (Cue: Present vs. Absent) x 2 (Location: Old vs. New) x 2 
(Binding: Intact vs. Switched) repeated measures ANOVA was conducted on the mean corrected 
hit rates.  The main effects of Cue [F (1, 25) = 1.85, p = .186, BF01 = 3.34] and Location [F (1, 
25), p = .264, BF01 = 4.54] were not significant.  However, the main effect of Binding was 
significant [F (1, 25) = 25.48, p < .001, η𝑝2 = 0.51, BF10 = 30.31], whereby swapping the 
bindings reduced average performance by 8.42% (Intact: .38, Switched: .31 corrected hit rates).  
The Cue x Location interaction [F (1, 25) = 0.65, p = .427, BF01 = 6.25], and Cue x Binding 
interactions [F (1, 25) = 1.77, p = .195, BF01 = 5.55] were not significant.  The two-way Location 
x Binding interaction was significant [F (1, 25) = 27.65, p < .001, η𝑝2 = 0.54, BF10 = 3.19].  
Specifically, when Location was old, performance was higher in the Old location (mean 
corrected hit rate = .43) than in the New location condition (mean corrected hit rate = .34).  
However, when the bindings had swapped, performance was lower in the Old location condition 
(mean corrected hit rate = .28) than in the New location condition (mean corrected hit rate = .32).  
Critically, the three-way interaction between Cue, Location, and Binding was not statistically 
significant [F (1, 25) = 1.87, p = .184, BF01 = 4.90].  
 
Discussion 
 In Experiment 2, a Location by Binding interaction was observed, irrespective of whether 
the cue was presented or not.  These results, like Experiment 1, are consistent with the idea that 
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participants are automatically using location to match the probe display with the contents of their 
memory.  
 
Experiment 3 
The results of Experiment 2 indicate that there did not appear to be an effect of Cue, 
beyond the finding that presenting the cue made performance numerically worse (in Experiment 
1, this decrease was statistically significant).  It is important to rule out the possibility that 
participants may have missed the cue on a substantial number of trials, given it is presented 
peripherally and for a very brief duration.  If the participants were not able to detect the cue on a 
trial, then that trial would be perceived as a Cue absent trial, and participants would be forced to 
use in-place matching, weakening the opportunity to observe any effect of cue.  Therefore, 
Experiment 3 included a measure of participants’ ability to detect the cue.  This was achieved by 
probing participants as to the location of the cue on a subset of trials, and therefore the extent to 
which they were potentially making a decision on the basis of a single item versus the entire 
display.  
In addition, we introduced a feature change amongst the uncued items on 50% of trials. 
This latter manipulation allowed us to measure the extent to which the uncued items influenced 
the match/change decision. If participants are performing exhaustive in-place matching, the 
features of uncued objects will affect the detection decision that is made: in particular, changes at 
uncued locations in the Old location condition should make people more willing to make a 
“change” response. In contrast, if decision-making is based solely on the cued item, then the 
nature of uncued items should not affect performance, so that accuracy for trials including a 
changed uncued item should be identical to trials in which the uncued items did not change. 
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Method 
Participants. Thirty-two naïve participants (aged 18-24, 25 were female) participated in the 
study.   
Materials, design and procedure: The materials, stimuli, design, and procedure of Experiment 3 
was identical to that of Experiment 2 with the following exceptions.  First, only intact bindings 
were presented, and switched binding trials were excluded, as the Location x Binding interaction 
was not central to the question of this experiment.  Second, 12.5% (give frequency per condition) 
of the trials were followed by catch trials.  In these trials, the probe display was re-presented with 
an instruction in the top left of the screen to click on the location of the cued item.  Participants 
made their response using the mouse, and could select any location on the screen, including 
locations where stimuli were not presented.  Third, on 50% of trials, one of the uncued items 
would contain a new feature, with equal probability of it being a shape or color.  Participants 
were instructed to ignore these changes, and only decide about the cued item.  Finally, because 
irrelevant feature changes could occur, all trials were Cue present trials: If the cue was not 
presented, it would not be possible to distinguish between a ‘distractor’ feature change, and a 
‘target’ feature change.  Therefore, it was necessary to always present the cue so that participants 
could make this distinction. 
Examples of probe displays with combinations of target match/change, crossed with 
distractor match/change, are presented in Figure 6.  In the left two probe display examples of 
Figure 6, participants should respond ‘match’, because the target, the red square, does not 
contain a new feature.  This is even the case in the bottom left example, where an uncued item, 
the blue circle, has changed color to purple.  Likewise, in the right two panels, participants 
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should respond change, because the target contained a new feature: the square is now green, 
irrespective of the status of the uncued items.   
 
Results 
Using the same exclusion criteria described in Experiment 1, a total of 153 trials (0.93 %) were 
excluded (M = 4.78, SD = 8.70 per participant).  We analyzed proportion of change responses 
separately for match and change trials so as to examine the independent effects of target and 
distractor changes on performance.  Figure 7 plots the proportion of change responses as a 
function of target, distractor and location changes. We conducted a 2 (Target: Match vs. Change) 
x 2 (Distractor: Match vs. Change) x 2 (Location: Match vs. Change) within-subjects ANOVA 
on mean proportion of change responses.  The main effects of Target [F (1, 31) = 219.52, p < 
.00, η𝑝2 = .87, BF10 = 3.83 x 1041], and Distractor [F (1, 31) = 70.35, p < .001, η𝑝2 = .69, BF10 = 
85.98 x 103] were significant.  Participants responded change more often when a target had 
changed (.72) than when no target had changed (.38).  Likewise, they were more likely to 
respond change when a distractor had change (.62) than when it had not (.47).  The main effect 
of Location was not significant [F (1, 31) = 3.18, p = .084, BF01 = 5.31].  The two-way 
interaction between Target and Distractor was significant [F (1, 31) = 31.16, p < .001, η𝑝2 = 
0.51, BF10 = 2.09].  Specifically, when the targets matched, a change in the distractors increased 
the proportion of change response by 22.19 percentage points.  However, when the target had 
changed, a change in the distractors increased the proportion of change responses by 8.12 
percentage points.  The two-way interaction between Target and Location was statistically 
significance [F (1, 31) = 27.34, p < .001, η𝑝2 = .47, BF01 = 3.788].  The two-way Distractor x 
Location interaction was not significant [F (1, 31) = 0.04, p = .85, BF01 = 7.29].  Finally, the 
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three-way interaction between Target, Distractor, and Location, was significant [F (1, 31) = 
11.57, p = .002, η𝑝2 = .31, BF01 = 5.41].   
 
 
In order to examine participants’ ability to determine which item was the target, the 
experiment measured memory for the cued target’s location (this test being presented on 12.5% 
of the trials).  For this analysis, a correct response was coded as correct when the x and y co-
ordinates of the mouse-click fell within a square subtending 1.8 ͦ x 1.8 ͦ of visual angle around the 
centre of the target.  Figure 8 shows mean accuracy by participant.  Most participants average 
cue detection rate was above chance (Figure 8).  However, there was considerable variability in 
detection rates, with some participants appearing to perform near, or below, chance.  The dashed 
line of Figure 8 represents chance performance – the probability of selecting the target location, 
if they randomly selected one of the three possible probe item locations.  However, it was 
possible for participants to select any location on the screen. 
One question of interest is how cue detection performance is related to performance on 
the recognition task.  To answer this question, we conducted exploratory analyses by calculating 
the correlation between performance in the catch-trial task and that in the change detection task.  
The means for individual participants, and lines fit to those data are presented in Figure 9.  
Target sensitivity was measured as the mean difference between target match and target change 
trials. Distractor sensitivity was measured as the mean difference between distractor match and 
distractor change trials.  When the distractors matched, there was no correlation between catch 
trial performance and target sensitivity [r (30) = -.14, p = .447, BF01 = 2.42] (Figure 9a).  
However, there was a significant positive correlation with target sensitivity when the distractors 
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changed [r (30) = .47, p = .006, BF10 = 7.11] (Figure 9B).  We also found a significant negative 
relationship between catch trial performance and distractor sensitivity when the targets matched 
[r (30) = -.72, p < .001, BF10 = 3739.19] (Figure 9c) and when the targets had changed [r (30) = 
.36, p = .043, BF10 = 1.74] (Figure 9d).  That is, participants who were less able to detect the cue 
were more likely to detect changes on the basis of distractor features. There was no significant 
correlation [r (30) = .31, p = .08, BF10 = 1.06] between catch trial performance and location 
change sensitivity, measured by the mean difference between the Old location trials and New 
location trials (Figure 9e). 
 
Discussion   
Probing participants about their memory of the cued target location on a subset of trials 
allowed us to determine whether participants did not detect the cue, or were choosing not to 
utilize it in their change detection decision.  There was substantial variability between 
participants in their ability to detect the cue, with some participants performing near, or below, 
chance.  These data suggest that some participants were unable to detect the cue (or if they did 
detect it, they appeared not to maintain a memory of its location across the duration of the trial).  
Therefore, the most likely explanation for the lack of apparent difference between Cue present 
and Cue absent conditions in Experiment 2 is that a third of participants were simply not able to 
detect the cue, whilst the remaining two-thirds could detect the cue, but did not make use of it in 
order to employ a non-spatial comparison process.  
The second modification in Experiment 3 was the introduction of task-irrelevant changes 
to the uncued (distractor) items, which participants were instructed to ignore.  If participants 
were using only the cue to inform their responses, then performance should be unaffected by 
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these irrelevant changes, because the cue can be used to filter-out the irrelevant items from the 
decision or comparison stage.  The significant main effect of distractor feature (match or change) 
showed that when a distractor contained a new feature, participants were more likely to respond 
‘change’.  Therefore, at least on some trials, participants did not utilize the cue, and erroneously 
incorporated information about the distractors into their final match/change decision.  This 
interpretation is further supported by the finding that there was a significant effect of changing 
item locations: If participants used the cue, they could have employed a non-spatial search of 
memory for a match, in which case, they would have been unaffected by changes in item 
locations.  So far, the data is consistent with the idea that participants are unable to flexibly 
switch between different comparison strategies and that a configuration-based comparison 
process is automatic. 
Finally, we conducted exploratory analyses by correlating individual performance on the 
catch trials against individual performance in the change detection task.  These interpretations 
are made with caution because the analysis was exploratory, not confirmatory, and limited by the 
relatively small sample size for an individual differences analysis.  Because the data set 
contained a mix of participants who could detect the cue to varying extents, it is possible that 
those who could detect the cue were using a different comparison strategy to those who could not 
detect the cue.  The data showed that participants with lower performance on the catch trials 
were more severely affected by distractor changes than those participants who performed well in 
the catch trials.  Furthermore, when the distractors had not changed, both groups were equally 
effective at detecting a change in the target item.  These data are consistent with the idea that all 
participants employed a spatial comparison process, but that they varied in the extent to which 
information about the distractors entered the decision stage.  For example, the participants who 
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did not detect the cue would not be able to distinguish between a target change and a distractor 
change.  As a result, they may have used global in-place matching, and would therefore respond 
‘change’, irrespective of whether they detected a target change or a distractor change.  In 
contrast, the participants who could detect the cue may have used the cue, and the spatial 
configuration, in order to identify the target item, and make an in-place comparison for that item 
only.  This opens the possibility of a strategic switch between global in-place matching and 
partial in-place matching, whereby the configuration is utilized for a spatial comparison of the 
target item.   
 
Experiment 4 
One possible explanation for the results of Experiment 2 was that participants were not able to 
utilize the cue, possibly due to its brief peripheral presentation.  The results of Experiment 3 gave 
some credence to this possibility, finding that only some participants could reliably identify the 
location of the cued item.  It is also possible that participants were able to detect the cue, but the 
change detection test display retroactively interfered with their memory for the cued-location.  
Finally, it is also possible that they were unable to detect the cue at all, either because the cue’s 
presentation was too short for them to detect, or because detecting the cue was so effortful that 
they chose not to encode or report its location accurately.  Experiment 4 addressed these issues 
by presenting a more salient cue that appeared in a predictable central location.  The cue in 
Experiment 4 appeared during the maintenance interval, for a longer period of time than in 
Experiments 2 and 3.  The cue was a large, centrally presented arrow pointing to the location 
where the target would subsequently appear in the probe display.  These changes were made to 
ensure that participants could make strategic use of the cue in the change detection task.  
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The design of Experiment 4 was the same design as in Experiments 1 and 2.  Changes in 
the locations of items and bindings between features could occur, and participants were 
instructed to ignore both.  Participants were told to decide if a new feature was presented, and 
that if there was a new feature, it was always a ‘valid’ new feature, and that ‘invalid’ new 
features in the uncued items never occurred.  Because the uncued items never contained new 
features, the uncued trials were re-introduced, making it possible to compare patterns of data 
across Cue present and Cue absent trials.  Additionally, although this is a replication of 
Experiment 2, we also kept the catch trials from Experiment 3, in which participants were probed 
about the location of the cued item.  As with Experiment 3, the addition of the catch trials 
allowed us to measure the extent to which participants were detecting the cue, and therefore 
make inferences about their decision processes in the change detection task.  If they missed, or 
did not make use of the cue, they would not know which item was the target, and therefore 
would have no choice but to employ exhaustive in-place matching.  However, if they could 
reliably use the cue, participants would have the option of using a comparison strategy other than 
in-place matching.  Thus, by measuring the cue detection rate, it would be possible to rule out the 
explanation that the use of in-place matching was simply due to an inability to use the cue.  As a 
measure of the rate with which participants used the cue, we again probed the cue location, this 
time after 25% of the cued trials.  We increased the proportion of catch trials because the relative 
number of cued trials was halved; in order to maintain the same total number of catch trials, the 
proportion needed to be doubled. 
Finally, we conducted replications of Experiment 4 and 5 with larger sample sizes 
because we had an opportunity to test many participants at once.  The methods of each 
replication match those of the original study.  However, because we conducted the replications 
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on a larger sample, with data being collected from multiple participants simultaneously (a PC 
was assigned to each participant) as part of a laboratory class, the replications of Experiment 4 
and 5 did not employ articulatory suppression.  The results of the replication will be presented 
alongside the analysis of the original study.  Our interpretation of the data was based on the 
analysis of the original run of the experiment.  However, our interpretations are bolstered by the 
replications.  
 
Method 
 
Participants.  Thirty-two naïve participants (aged 18-36, 24 women) participated in the one-hour 
study participated for course credits.  The replication was conducted on seventy-eight 
participants (aged 18-30, gender data were not collected). 
 
Materials, design and procedure: The materials, stimuli, design, and procedure of Experiment 4 
were identical to that of Experiment 2, with the following exceptions.  The cue took the form of 
an arrow, 1.8 ͦ x 1.8 ͦ of visual angle, presented in the center of the screen during the maintenance 
period.  The orientation of the arrow changed, so that the tip pointed towards the location where 
the target item would subsequently appear in the probe display.  The cue duration was changed 
to 200 ms during the interval, and off-set 100 ms prior to the on-set of the probe display.  The 
central location was never used to present an item. A schematic of the procedure is presented in 
Figure 10.  After 25% of the Cue present trials the cues location was also probed, in which the 
probe display was re-presented and participants were asked to indicate the location of the target 
item. 
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The participants in Experiment 4 used articulatory suppression throughout the task, 
however the participants in the replication did not, as they were tested in groups.  Additionally, 
due to a programming error, the replicated experiment did not contain cue-location probe trials.   
 
Results 
Five participants were excluded from the analysis following application of the exclusion criteria 
outlined in Experiment 1.  Of the remaining participants, a total of 89 trials (0.54%) were 
excluded (M = 3.29, SD = 4.46 trials removed per participant).  The mean corrected hit rates for 
each condition are presented in Figure 11.  A 2 (Cue: Present vs. Absent) x 2 (Location: Old vs. 
New) x 2 (Binding: Intact vs. Switched) repeated measures ANOVA was conducted on the mean 
corrected hit rates.  The main effect of Cue was significant [F (1, 26) = 11.98, p = .002, η𝑝2 = 
0.31, BF10 = 2.93].  The main effect of Location was not significant [F (1, 26) = 2.68, p = .114, 
BF01 = 4.00].  The main effect of Binding was significant [F (1, 26) = 69.28, p < .001, η𝑝2 = 
0.73, BF10 = 40824.21], whereby changing the Bindings reduced performance by 13.8%, relative 
to keeping the Bindings intact.  The two-way interaction between Cue and Location was not 
significant [F (1, 26) = 3.66, p = .067, BF01 = 3.57].  However, the two-way interaction between 
Cue and Binding was significant [F (1, 26) = 20.27, p <.001, η𝑝2 = 0.43, BF10 = 1.32], whereby 
the effect of Binding in the cue condition was less (19.7%) than that of the Binding effect in the 
Cue absent condition (7.8%). The Location x Binding interaction was significant [F (1, 26) = 
17.21, p <.001, η𝑝2 = 0.4, BF10 = 5.27], whereby changing locations when Binding were intact 
had a detrimental effect (Old location: 0.45, New location: 0.34), whereas changing locations 
when Bindings were switched had a beneficial effect on performance (Old location: 0.24, New 
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location: 0.28).  Finally, the three-way Cue x Location x Binding interaction failed to reach 
statistical significance [F (1, 26) = 1.90, p = .18, BF01 = 5.26].   
 The same analysis was conducted on the data collected in the replication experiment.  
Using our exclusion criteria, six participants were removed, and a total of 1,202 trials (3.26%) 
were excluded (M = 16.69, SD = 30.41 trials removed per participant).  The means for the 
replication of Experiment 4 are presented at the bottom of Figure 11.  There was a significant 
main effect of Cue [F (1, 71) = 33.32, p < .001, η𝑝2 = 0.32, BF10], Location [F (1, 71) = 15.97, p 
< .001, η𝑝2 = 0.18, BF10 = 1.93], and Binding [F (1,71) = 114.52, p < .001, η𝑝2 = 0.61, BF10 = 
2.3x1012].  The Cue x Location interaction was not significant [F (1, 71) = 3.5, p = .066, BF01 = 
5.36].  The Location x Binding interaction [F (1, 71) = 40.09, p < .001, η𝑝2 = 0.36, BF10 = 
53.36], Cue x Binding [F (1, 71) = 14.98, p < .001, η𝑝2 = 0.17, BF10 = 1.62], and the Location x 
Binding x Cue interaction [F (1, 71) = 7.39, p = .008, η𝑝2 = 0.09, BF01 = 3.99] were statistically 
significant.  Finally, we assessed whether there were differences in outcomes for the experiment 
and replication by conducting a Cue x Location x Binding x Experiment mixed ANOVA.  There 
were no statistical differences in performance between the two experiments (all p’s > .05, Fs < 1 
for the Experiment factor).    
Figure 12 shows performance for each participant in the catch trial task in Experiment 4.  
The dashed line represents chance performance – the probability of selecting the target location, 
if they randomly selected one of the three possible probe item locations.  It was possible for 
participants to select any location on the screen, and empty screen locations were selected 11% 
of the time.  Although the majority of participants performed well, we identified some 
participants as being unable to accurately report the location of the cue.  Experiment 4 used a 
more salient cue than Experiment 3 and the average detection rate of the cue was higher in 
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Experiment 4 (M = 0.77, SD = 0.28) than in Experiment 3 (M = 0.71, SD = 0.27), although this 
difference failed to reach statistical significance [t(57) = 0.38, p = .389].   
 
Discussion 
The results of Experiment 4 replicate the findings of Experiments 1 and 2.  Specifically, 
there was a Location x Binding interaction, suggesting that participants were using item locations 
to guide their comparisons.  Furthermore, this interaction was found in both the Cue absent and 
Cue present conditions, despite the high accuracy in responding to the cue location task.  In the 
Cue present condition, participants who detected the cue had the option to switch to a non-spatial 
comparison strategy, analogous to when memory is only probed for a single item.  However, it 
appears that they did not utilize this option and continued to use in-place matching.  This finding 
is consistent with the idea that in-place matching is automatic and that participants are unable to 
switch between comparison strategies.  However, taking into account the results of Experiment 
3, in which those who could detect the cue were less sensitive to distractor feature changes, and 
the fact that the cue was highly detectable in Experiment 4, a second possibility is that the high 
performing detectors were using the spatial configuration to guide recognition, but did not take 
the features of the distractors into account when making their decision.  In other words, those 
participants may have used partial, rather than global, in-place matching, in which they made use 
of the spatial configuration of the display in order to identify the location of the target and use a 
spatial comparison of the target. This possibility is explored further in Experiment 5. 
In addition to the pre-registered experiment, we conducted a direct replication of 
Experiment 4, with the exceptions that multiple participants were tested in the same lab at once, 
and were not doing articulatory suppression during the task.  The results of the replication are 
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highly consistent with the results of the original study.  Because we found the same result in 
experiments with and without articulatory suppression, these results indicate that effects of 
VWM in this particular design can be detected without the need for articulatory suppression.  
However, because of the very short timings of the stimuli in this particular task, it may not have 
been possible to sub-vocally rehearse in this task at all, even when participants were not using 
articulatory suppression.  It is possible that articulatory suppression may have a more beneficial 
effect when the stimuli are presented for longer periods of time.  Interestingly the Location x 
Binding x Cue interaction was statistically significant in the replication, but not in the original 
version of the experiment.  However, there was very little difference in the qualitative pattern of 
the data between the two experiments, and the Bayes factor suggested that there was only about 
four times as much evidence in favour of there being an interaction, than there being no 
interaction (BF10 = 3.99).  It is possible that the significant interaction was driven by higher 
performance in the ‘Intact, Old location’ condition in the Cue present condition, but not in the 
Cue absent condition.  From a visual inspection of the data, it does not appear that participants 
were employing a non-spatial comparison strategy in the Cue present condition in either 
experiment. 
One important feature of Experiment 4 was that the cue was easily detectable.  Some 
participants still performed poorly in the catch trials, despite the highly salient cue.  Because of 
the high saliency of the cue, it seems more likely that the participants who performed poorly at 
identifying the location of the cue did so because they were strategically ignoring the cue, in 
order to minimize effort, rather than them being unable to detect the cue at all.  However, we 
should add a caveat that a subset of those participants may be making use of the cue, but either 
unable to recall the cues location, or chose not to respond accurately as to its location in the catch 
Task demands determine comparison strategy  35 
 
 
 
trials.  A further possible caveat is that the change detection probe, which occurs between the 
presentation of the cue and the probe of the cues location, may have served as strong retroactive 
interference for the cue’s location.  This explanation seems unlikely, considering the large 
proportion of participants who were able to correctly recall the cue’s location.   
 
Experiment 5 
In Experiments 1-4 at least some, if not all, participants appeared to use in-place matching.  
Those participants who did not detect the cue seemed to have used global in-place matching, 
comparing each item in the test display to the stored item at the same location.  The participants 
who had high detection rates for the cue appeared not to use global in-place matching (based on 
the results of Experiment 3), but appear to have at least used a partial in-place matching, a spatial 
comparison that incorporated the configuration of the distractor items, as those participants 
showed the same Location x Binding interaction for Cue absent and Cue present trials.  
Participants appeared to use these spatial comparison processes despite the fact that provision of 
a cue should have reduced the need to use a spatial comparison process.  These findings suggest 
that although global in-place may not be automatic, our participants consistently used a spatial 
matching strategy (either global- or partial- in-place matching) in order to perform change 
detection. 
One outstanding issue with Experiments 1, 2, and 4, is that although the design gave the 
opportunity for participants to use either a spatial or non-spatial comparison strategy, the task 
may not have sufficiently encouraged a non-spatial strategy.  Specifically, a feature-change was 
always a ‘valid’ feature change, in that only the target item ever contained a new feature, and 
non-target items always contained old features.  As a result, conducting in-place matching should 
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be able to detect the change as effectively as a non-spatial comparison process would, despite 
different decision rules.  For example, if exhaustive in-place matching is used, each item is 
checked for a change and the participants respond change on the basis of whether at least one of 
the comparisons is a miss-match irrespective of whether or not the change was the cued item 
(Figure 1a).  In contrast, participants could employ the strategy of non-spatially searching 
memory for the target (Figure 1c and 1d).  In this case, they simply need to respond match if a 
match is detected during the search, and respond change if they have exhaustively searched 
memory but failed to find a match.  Both of these comparison strategies should be equally 
effective at detecting a change in the target, however a non-spatial comparison is arguably more 
effortful, because it might depend on actively making use of the cue and inhibiting the 
comparisons of uncued items.  If there was no strategic benefit for using one strategy over 
another, then participants might simply use the least effortful one, in this case being exhaustive 
in-place matching. 
This strategic explanation for the lack of three way interaction between Cue, Location, 
and Binding in Experiments 1, 2, and 4 may also provide an explanation as to why the 
participants who could recall the cued location in Experiment 3 were less sensitive to distractor 
changes than those who could not recall the cued location.  In Experiment 3, irrelevant distractor 
changes did occur, which participants were instructed to ignore.  The distractor changes may 
have acted as a disincentive to use global in-place matching, a comparison strategy which does 
not distinguish between relevant and irrelevant changes.  Instead, the participants who could 
detect the cue in Experiment 3 appear to have used a different kind of comparison strategy, one 
that uses the global configuration to guide the spatial comparison of the target item, but one in 
which the distractor items do not enter the decision stage.  Therefore, one important factor 
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affecting the strategic choice of one comparison strategy over another seems to be how a 
particular comparison strategy can deal with irrelevant changes, and whether or not irrelevant 
changes are likely to occur on a trial.    
Therefore, Experiment 5 aimed to make global in-place matching costly---in terms of 
performance---by increasing the probability that an uncued item would change. If there is a high 
probability that an uncued item has changed, global in-place matching would be a poorer 
strategy choice compared to situations where no (Experiments 1 and 2) or few (Experiment 3) 
irrelevant changes were likely to occur.  If participants ignore the cue, and conduct exhaustive 
in-place matching—whereby the decision rule is to respond change in response to any change— 
there would be a higher probability of erroneously responding ‘change’ to an invalid change in 
one of the uncued items.  Thus, relying on the cue, and conducting a non-spatial search, should 
be encouraged because it avoids increasing false alarms caused by the uncued changes. 
Experiment 5 replicated Experiment 4 with the exception that there was a 75% 
probability on each trial that one of the uncued items contained a new feature.  Participants were 
instructed to ignore such changes.  Because of this manipulation, all trials had the target cued, 
because the target versus distractor distinction does not apply to uncued trials.   
Finally, we also conducted a direct replication of Experiment 5, using a larger sample 
size.  The method of the replication matches that of Experiment 5, with the exception that 
multiple participants were tested in the lab at once, and as a result, were not employing 
articulatory suppression during the task.  The results of both the original experiment and 
replication study are described below.  
 
Method 
Task demands determine comparison strategy  38 
 
 
 
 
Participants. Thirty-two participants (aged 18-32, 19 were female) participated in the study.  In 
the direct replication, we tested 79 new participants (aged 17-22, 60 female).  
Materials, design, and procedure: The materials, stimuli, design, and procedure of Experiment 5 
was identical to that of Experiment 4, with the following exceptions.  On 75% of trials, one of 
the uncued items contained a new feature, with equal probability of it being a new color or new 
shape.  In addition, Cue absent trials were excluded, and the number of Cue present trials was 
doubled over the number in Experiment 4.  The same central cue was used as in Experiment 4.  
We also conducted a replication of Experiment 5 with a larger sample size and without 
articulatory suppression during the task.   
 
Results  
Seven participants were excluded from the analysis based on the exclusion criteria.  From the 
remaining participants a total of 122 trials (0.74%) were excluded (M = 4.88, SD = 6.15 trials 
removed per participant).  Mean corrected hit rates in each of the Location and Binding 
conditions are presented in Figure 13.  Additionally, Figure 14 shows mean proportion change 
across the different Target, Distractor, and Location conditions.  First, we excluded trials in 
which a distractor had changed, to examine the main focus of this experiment: the interaction 
between Location and Binding.  A 2 (Location: Old vs. New) x 2 (Binding: Intact vs. Switched) 
repeated measures ANOVA was conducted on corrected hit rates.  The main effects of Location 
[F (1, 24) = 0.70, p = .411, BF01 = 5.55] and Binding [F (1, 24) = 0.75, p = .394, BF01 = 6.25] 
were not significant.  The Location x Binding interaction was not significant [F (1, 24) = 0.23, p 
= .639, BF01 = 4.76].  Next, we examined the effects of target and distractor change on the 
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proportion of change responses.  Switched Binding trials were removed from this analysis.  A 2 
(Target: Match vs. Change) x 2 (Distractor: Match vs. Change) x 2 (Location: Match vs. Change) 
repeated measures ANOVA was conducted on the proportion of change responses in each 
condition.   
The main effect of target feature [F (1, 25) = 88.15, p < .001, η𝑝2 = .79, BF10 = 3.89 x 
1043], distractor feature [F (1, 24) = 31.19, p < .001, η𝑝2 = .57, BF10 = 68.58], and Location [F 
(1, 24) = 6.56, p = .017, η𝑝2 = .2, BF01 = 3.77] were significant.  The mean proportion change 
for target change trials was 59.25%, relative to 33.9% on target match trials.  A change in the 
distractor resulted in an increase in proportion change responses, from 42.78% on distractor 
match trials, to 50.38% on distractor change trials.  The mean proportion of change responses 
was higher on New location trials (47.47%) than on Old location trials (45.69%).  
The two-way interaction between target and distractor was also significant [F (1, 24) = 28.38, p < 
.001, η𝑝2 = .55 BF10 = 1.93].  When the targets matched, a change in the distractor increased the 
proportion of change responses by 11.17 percentage points, from 28.84% to 40.56%.  However, 
when the target had changed, a change in the distractors only increased the proportion of change 
responses by 2.31 percentage points, from 60.37%, to 58.06%.  The two-way interaction between 
Distractor and Location [F (1, 24) = 4.19, p = .052, BF01 = 4.25] and the three-way Target, 
Distractor, and Location interaction [F (1, 24) = 1.35, p = .257, BF01 = 7.65] were not significant.  
 The same analysis was also conducted on the data from the replication study.  Thirteen 
participants were excluded from the analysis due to low performance.  Of the remaining 
participants, 1,025 trials (M = 15.53, SD = 33.88) were removed.  There was a significant main 
effect of Location [F (1, 65) = 35.89, p < .001, η𝑝2 = 0.36, BF10 = 3.19x104), Binding [F (1, 65) 
= 70.36, p < .001, η𝑝2= 0.52, BF10 = 7.21x105), and a significant Location x Binding interaction 
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[F(1, 65) = 23.88, p < .001, η𝑝2= 0.27, BF10 = 2.09).  In contrast to the original version of the 
experiment, there were significant effects of Location and Binding, as a well as a significant two-
way interaction.  However, the direction of these effects occurred in the opposite direction to that 
predicted by in-place matching, such that participants were more accurate when locations had 
changed, than when they had not changed.  The means for each condition in the replication can 
be found in Figure 13 and Figure 14.  
 
Discussion 
Experiment 5 was designed to strongly discourage participants from using global in-place 
matching by greatly increasing the probability of an uncued item changing, and hence inflating 
the false alarm rate for participants using this comparison strategy.  The results of Experiment 5 
showed that there was no interaction between the Location and Binding factors.  This finding 
suggests that, in this experiment, participants utilized the cue and employed a non-spatial 
comparison.  These conclusions are further supported by the replication of Experiment 5 that 
largely replicated the pattern of results.  In fact, in the replication, we found that changing item 
locations improved accuracy, rather than reduced it, as would be predicted if the participants 
were employing in-place matching.  One issue with this interpretation is that there was still a 
detrimental effect of changing the features of the uncued items.  If participants were conducting a 
non-spatial search for only the cued target item (akin to non-spatial search of single probes; e.g., 
Gilchrist & Cowan, 2014; Treisman & Zhang, 2006) then they should have been unaffected by 
these task-irrelevant feature changes.  We address this issue and provide some plausible 
explanations for this effect in the General Discussion.   
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General discussion 
The aim of this study was to assess the flexibility of VWM, in terms of the ability to use different 
comparison strategies under different task demands.  Many view the structure of VWM as 
fundamentally spatially organized (e.g., Golomb et al. 2014) such that non-spatial visual 
information, such as color and shape, is necessarily bound to its location (Golomb et al. 2014; 
Eimer & Grubert, 2014; Hollingworth & Rasmussen, 2010; Hollingworth, 2007; Jiang et al. 
2000; Kondo & Saiki, 2012; Olviers & Schreij, 2014; Pertzov & Husain, 2014; Rajsic & Wilson, 
2014; Silvis & Shapiro, 2014; Treisman & Zhang 2006; Vidal et al. 2005).  Despite this 
viewpoint, VWM has also classically been viewed as a system that allows for complex cognition, 
such as reasoning and novel problem solving (Baddeley & Hitch, 1974;  Hitch, 1978).  To 
achieve this flexibility, VWM would require an executive process capable of flexible 
reconfiguration according to current goals (Oberauer, 2009).  Automatically binding features to 
locations may limit our ability to flexibly respond to situations where location is not a diagnostic 
feature of the task.  For example, to search for a friend amongst a crowd, a template of the friend 
stored in VWM (Bundensen, 1990; Desimon & Duncan, 1995) may be compared to multiple 
different individuals, each occupying different locations in the environment.  However, spatial 
information may be highly diagnostic in other tasks - for example, when re-stablishing object 
correspondence after disruptions caused by occlusions and saccades (Hollingworth & 
Franconerri, 2009).  Therefore, a truly flexible VWM system would require the ability to select 
the most appropriate comparison process for the particular task at hand, which may not 
necessarily always rely on location.  
In the introduction, we outlined the five assumptions of exhaustive in place matching.   
These assumptions were i) task-relevant visual features are automatically bound to their spatial 
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locations during encoding; ii) each probed item is automatically compared to the memory 
representation at the corresponding location;  iii) probed items are not compared to memory 
representations at non-corresponding locations ; iv) this comparison process occurs for every 
item presented in the test display; and v) the evidence from all of these comparisons is integrated 
in order to form a decision, such as whether or not a change has occurred in the display.  We will 
now evaluate each of these assumptions below.   
The first assumption (obligatory location encoding) could not be directly addressed by 
this set of experiments because we were interested in the processes during the comparison and 
decision stages.  However, we can conclude that locations were encoded in Experiments 1-4, 
because of the detrimental effect of changing locations on performance in those experiments.  
However, because location did not appear to enter in the decision process in Experiment 5, there 
was no way to measure whether locations were encoded in the study displays of Experiment 5.  It 
is possible that locations were obligatorily encoded, but not relied upon during the decision 
stage, or that because participants did not expect to use location in the decision, they did not 
encode it in the first place (e.g., Vincente-Grabovetsky et al. 2012).  Regarding the first 
assumption that locations are automatically encoded, our results leave open the possibility that it 
may be possible to encode many different aspects of a scene, including locations, but that these 
relations are not always relied upon during the comparison and decision stages.  For Experiments 
1-4, the finding that changing locations makes performance worse indicates that the probed items 
were compared to the memory representations bound to the corresponding locations (assumption 
ii).  However, we have also found conditions (Experiment 5) in which changing item locations 
did not have a detrimental effect on performance and have therefore shown that this assumption 
may not always hold true.  Additionally, in Experiments 1, 2, and 4, we found that when 
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locations were kept the same, but the feature bindings had switched, performance was 
substantially worse than when the bindings had not switched.  These findings support the 
assumption that the participants did not compare probed items to memory representations at 
other locations (assumption iii), because it would have appeared to the participants as if each 
location contained a ‘new’ feature, which was in fact presented elsewhere in the display.  
However, Experiment 5 did not replicate this finding, suggesting that the participants were in 
fact able to compare the cued item to multiple memory representations at separate locations 
(refuting assumption iii).  Furthermore, obligatory in-place matching is thought to occur for all of 
the probed items (assumption iv).  This appears to be the case in Experiment 3 and 5, in which 
changes in the to-be-ignored items increased participants’ bias towards responding ‘change’, 
indicating that people were using information from the uncued items in making their match 
decision, despite having been explicitly instructed not to do so.  However, Experiment 3 also 
showed that when participants were able to report the location of the cued item, they were also 
able to ignore irrelevant distractor changes, refuting assumption iv.  Finally, our experiments do 
not directly address assumption v (evidence is integrated to form a response decision).  Future 
research is needed to fully understand how decision rules change in response to strategic changes 
in the comparison process.   
Taken together, these results suggest that global in-place matching is one comparison 
strategy which is often employed in the change detection task and that there are conditions under 
which the assumptions of global in-place matching hold true (e.g., Experiments 1, 2, and 4).  
However, the findings indicate that there are also conditions where these assumptions do not 
hold true (e.g. Experiments 3 & 5) suggesting that global in-place matching is not strictly an 
obligatory process and that other types of comparison strategies can be employed. 
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 Our data suggest that participants can flexibly alternate between different comparison 
strategies in the whole-display probe change detection task.  Specifically, we suggest that 
participants can either employ a spatial comparison process, which either compares all items in 
the display (exhaustive in-place matching: Experiments 1, 2, and 4) or only a sub-set of relevant 
items (partial in-place matching: Experiment 3).  When the task demands strongly discourage 
any form of in-place matching, a non-spatial comparison can be conducted, in which memory is 
searched for a match with a single target item (Experiment 5), akin to the pattern observed when 
only a single item is presented as a probe (Donkin & Nosofsky, 2012; Gilchrist & Cowan, 2014; 
Sternberg, 1966).  The finding from Experiment 5 supports the notion that individuals can 
flexibly employ different comparison strategies in response to different task demands, allowing 
for more flexible higher-level cognition and problem solving.  
One finding of particular interest was that, for Experiment 2, the numerical difference 
between old and new locations was larger in the Cue absent condition than in the Cue present 
condition (Figure 5).  Although this interaction was not statistically significant, this is the pattern 
of data expected if participants were to conduct in-place matching on Cue absent trials, but a 
non-spatial search on Cue present trials.  It is possible that the lack of a statistical interaction 
could be explained by a sub-set of participants who failed to detect the cue, and were therefore 
forced to employ in-place matching on both Cue absent and present trials.  Unfortunately, 
because we did not measure the rate of cue detection in Experiment 2, it is not possible to 
determine how many participants were able to detect the cue.  However, in Experiment 3, we 
used the same type of cue as in Experiment 2 on a sample from the same population, in which we 
did measure the rate of cue detection.  The vast majority (90.65%) of participants performed 
above chance in the cue-location probe in Experiment 3, which gives us some confidence that the 
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participants could accurately detect the cue in Experiment 2.  An additional finding of note was 
that this pattern of data was reversed in Experiment 4.  Specifically, there was a much larger 
numerical difference between Old location and New location trials on the Cue Present trials, than 
on Cue Absent trials (Figure 11).  This comes a surprise, as it is the reverse of what we expected 
if participants were changing their response strategies.  Again, this interaction was not 
statistically significant, and therefore it is not possible to draw any strong conclusions.  However, 
the poorer performance on Cue present, New location trials, may have resulted from confusion 
about how to use the cue.  Specifically, on old location trials, the cue pointed to the location of a 
previously presented item, and therefore it would have acted as a retro-cue, allowing the 
participants to anticipate which item they should prepare their response for.  However, in the 
new location trials, the cue would point to a previously empty location, making it impossible to 
prepare their response for any particular item, and therefore making the participants potentially 
less likely to rely on the cue on those trials.  This confusion between Old and New location trials 
would not have occurred on Cue absent trials, because the participants would have needed to 
prepare their response for all three of the studied items, irrespective of whether or not the 
locations had changed.  Additionally, this potentially confusing effect of the cue may have only 
occurred for the cue used in Experiment 4 due to the longer offset between cue onset and probe 
display onset.  In contrast, the cues used in the previous experiments were either presented 
during the probe display (Experiment 1), or 107ms prior to the probe display onset (Experiment 
2 and 3), making it very difficult to gain a retro cue benefit. 
One of the more perplexing findings from this set of experiments came from Experiment 5.  
In Experiment 5, the lack of a Location x Binding interaction indicated that participants were 
conducting a non-spatial comparison by searching memory for a match with the target item.  
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However, when a change occurred amongst the uncued distractors, participants were more likely 
to make a ‘change’ response.  The latter effect should not have occurred if the participants were 
matching only on the basis of the target item, because any mismatch comparisons should have 
been disregarded.  These two findings, from the same experiment, appear to contradict one 
another.  However, previous studies have also found similar effects.  For example, Jiang et al. 
(2000) and Vidal et al. (2005) both found that making a change in an uncued distractor item also 
increased the proportion of change responses, when compared to a condition where the uncued 
items did not change.  Both of these papers explained this effect by explaining that the 
comparison process was conducted on the basis of a configuration representation, which cannot 
be segmented by spatial attention – akin to global in-place matching.  However, the findings of 
Experiment 5 do not fit with this explanation, because if the participants were using global in-
place matching, then we should have expected to find a Location x Binding interaction, as in our 
previous experiments.  Therefore, an alternative explanation seems necessary to explain the 
results in this series of experiments and those of previous studies that have assumed 
configuration-based matching (e.g., Jiang et al., 2000; Treisman & Zhang, 2006; Vidal et al., 
2000).   
One possible explanation for these seemingly conflicting results comes from recent 
evidence that two distinct stages exist during the comparison process (Gilchrist & Cowan, 2014; 
Hyun et al., 2009; Orzechowski, Necka, & Balas, 2016; Yin et al., 2012).  In the first stage, a 
high capacity filter draws attention to items or locations that have a high likelihood of having 
changed in the task relevant feature (Hyun et al. 2009; Orzechowski et al. 2016).  In the second 
stage, a limited capacity process performs a slower confirmatory comparison on the candidate 
item that was selected during the first stage (Hyun et al. 2009; Gilchrist & Cowan, 2014).  It is 
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possible that in our Experiment 5, and in the experiments of Jiang et al. (2000) and Vidal et al. 
(2005), the target change and distractor change competed for attentional selection during the first 
stage of the comparison process.  It is possible that the first stage is relatively automatic and is 
not influenced by top down information, such as the task relevancy of the items indicated by the 
cue.  As a result, if all else is equal, the distractor and target changes will be selected equally 
often during the first stage, leading to an inflated change response rate in the second comparison 
stage.  This interpretation does not require the presence of a configural representation, because 
once the search item is selected in the first stage, a non-spatial search is conducted (Gilchrist & 
Cowan, 2014), however this account needs to be further tested in future experiments. 
 One strength of the experiments reported here is that we have replicated effects 
previously reported in the literature (Treisman & Zhang, 2006).  Furthermore, our analysis was 
supplemented with Bayes factors using the Bayesian ANOVA (Rouder et al., 2012).  This type 
of analysis provides a measure of evidence in support of the null hypothesis, and therefore 
allowed us to draw conclusions about the null hypotheses, which is not possible using null 
hypothesis significance testing (e.g., Edwards, Lindman, & Savage, 1963; Rouder et al., 2012).  
Both types of analyses were largely consistent with one another – significant p values were 
mostly accompanied by Bayes factors favoring the alternative hypothesis, and non-significant p 
values were accompanied by Bayes factors favoring the null.  Although there were some 
examples where interpretation of p values and Bayes factors were in contradiction with each 
other, the effects of interest, such as the Location x Binding interactions, were largely consistent 
with one another.  This consistency between the two types of analyses, and the consistency with 
which they were replicated across experiments, and previous studies, provides confidence that 
these effects are real.     
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How do these results influence how we should think about WWM?  The ubiquitous finding 
within the literature that task-irrelevant locations are used to guide comparisons is often taken as 
evidence that location is fundamental to the way in which visual features are organized in VWM.  
Our findings suggest that existing models of VWM should relax their assumption about the 
extent to which features are necessarily bound to their location.  One potentially parsimonious 
way to incorporate our findings with the existing literature is to assume that observers might 
automatically encode feature-location binding information (Kondo & Saiki, 2012; Olson & 
Marshuetz, 2005; Treisman & Zhang, 2006) but that this information does not necessarily always 
enter the decision-making process.  Because location is so highly diagnostic in many everyday 
tasks, a utilization of location may be the best (or possibly default) choice in many contexts.  
This view accounts for previous findings, but is also consistent with the view that VWM should 
be able to flexibly reconfigure the way in which representations are utilized in order to solve 
novel problems (Oberauer, 2009).  Furthermore, it may be the case that individual differences, 
and environmental factors, will determine what information is accessed during the comparison 
and decision processes.  For example, individual differences in VWM capacity may predict 
differences in the extent to which irrelevant distractors are erroneously maintained (and thus 
potentially used in the comparison process) in VWM (Vogel, McCollough & Machizawa, 2005).  
Additionally, participants who have a better ability to inhibit comparisons with irrelevant items, 
or to unbind features from their locations, may also be more likely to use a non-spatial 
comparison strategy.  We have identified one possible environmental factor that may modulate 
the type of comparison strategy which a participant will use - participants may have chosen 
different strategies, depending on the probability that an irrelevant change had occurred.  In the 
more ‘stable’ environments (Experiments 1, 2, and 4), where irrelevant changes never occurred, 
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participants employed in-place matching, because there was no cost to this strategy.  However, in 
‘noisier’ environments, such as when there was a high probability of an irrelevant change 
(Experiment 5), participants were more likely to use a non-spatial comparison process.   
To summarise our findings, a location-based comparison process, such as in-place 
matching, does not necessarily appear to take place obligatorily, although participants appear to 
rely on in-place matching by default in the change detection task.  Outside of the lab, location 
may be the best (or default) cue for many every-day tasks, due to its high level of diagnosticity.  
However, the extent to which location is employed in the comparison process is likely to be 
determined by the strategic relevance of spatial information in the task.  We have shown that 
when the task demands of the change detection task are changed so as to strongly discourage in-
place matching, participants are capable of conducting a non-spatial comparison strategy.  In 
addition, when location is utilized in the comparison process, participants appear to be capable of 
adapting which items enter this comparison process (Experiment 3).  For example, although 
global in-place matching appears to be the default comparison process, when only some feature-
changes are task-relevant, the configuration of the entire display may be used to guide the 
comparison of only a subset of the items in the display (partial in-place matching).  Future 
developments in conceptualizing VWM therefore should loosen their assumptions about the 
extent to which location binding occurs automatically or obligatory and take into account how 
the demands of the task influence the participant’s response strategy.   
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Figures 
 
 
Figure 1.  Examples of possible comparison processes under different types of probe display.  A. 
Whole-display probe with items maintaining their original location; participants can use 
exhaustive in-place matching.  Responses are based on the detection of a miss-match 
comparison.  B. Whole-display probe in new locations; participants are unable to use in-place 
matching, and must employ some other comparison process.  C. Single probe in original 
location; participants may exhaustively search memory, with responses based on match 
detection.  D. Single probe in a new location; participants cannot make use of location, and 
therefore must serially search memory, making comparisons with items at multiple locations.  
Responses are based on the detection of a match comparison.   
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Figure 2.  A schematic of an example trial, with four possible probe displays.  Examples of 
Switched binding, or New feature trials are not depicted. 
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Figure 3.  Corrected hit rates for the Location by Binding by Cue type interaction in Experiment 
1.   
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Figure 4.  A schematic of a typical trial in Experiment 2.  This trial shows an example of a Cue 
present, Match feature, Intact binding, Old location trial. 
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Figure 5.  Corrected hit rates in each of the Cue, Location, and Binding conditions, in 
Experiment 2. 
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Figure 6.  Top: Schematic of an example trial in Experiment 3.  Bottom: Examples of probe 
displays with combinations of Target match/change and Distractor match/change, along with the 
correct response. 
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Figure 7.  Mean proportion change for each condition in Experiment 3.  
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Figure 8.  Each point represents the mean proportion of correct responses on catch trials for that 
participant.   
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Figure 9. Correlations between mean performance for individual participants on the catch trials, 
and mean their mean sensitivity to different conditions in the change-detection task. 
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Figure 10.  A schematic of a typical trial in Experiment 4.  This trial shows an example of a Cue 
present, Match feature, Intact binding, and Old location trial. 
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Figure 11.  Corrected hit rates in each of the Cue, Location, and Binding conditions in 
Experiment 4.  Top: original study.  Bottom: Replication.  
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Figure 12.  Average catch-trial performance for each participant.   
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Figure 13.  Mean corrected hit rate in each of the Binding and Location conditions in 
Experiment 5.  Left: Original experiment.  Right: Replication experiment.  
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Figure 14.  Mean proportion change for each condition in Experiment 5.  Top: Original 
experiment.  Bottom: Replication experiment.   
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Figure 15 shows the average catch-trial performance for each participant.  The dashed 
line represents chance performance – the probability of selecting the target location, if they 
randomly selected one of the three possible probe item locations.  However, it was possible for 
participants to select any location on the screen, and empty screen locations were selected on 
3.68% of trials. 
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